INTRODUCTION
============

G protein--coupled receptors (GPCRs), also termed seven-transmembrane helix receptors, are the largest family of transmembrane proteins and are involved in a wide variety of physiological processes including bone development and remolding ([@R1]). The adhesion GPCR family, with 33 members, is the second largest subgroup of GPCRs. The defining characteristic of the adhesion GPCR family is their extraordinarily large N-terminal extracellular domain featuring various types of subdomains that are generally thought to communicate with the extracellular milieu and mediate their characteristic adhesive functions ([@R1]--[@R3]). The adhesion GPCR family member Gpr126 has been implicated in an increasing number of developmental defects. Multiethnic genome-wide association studies and human mutation analyses show that variations and mutations at the *GPR126* locus are associated with multiple skeletal defects, including shortened height ([@R4]), adolescent idiopathic scoliosis (AIS) ([@R5]), arthrogryposis multiplex congenita ([@R6]), and periodontitis ([@R7]). In genetic studies of experimental animals, it has been reported that *Gpr126* deletion in chondrocytes caused idiopathic scoliosis and pectus excavatum (PE), suggesting that *Gpr126* in cartilage is the genetic cause for the pathogenesis of AIS ([@R8]). Furthermore, other studies reveal that *Gpr126* is essential for myelination of axons in the peripheral nervous system ([@R9]), as well as in heart ([@R10]) and inner ear ([@R11]) development in mouse or zebrafish genetic animal models. However, whether GPR126 is a genetic cause for other diseases, including disorders of human height, is largely unknown.

Adhesion GPCRs have been reported to mediate cell--extracellular matrix (ECM) interactions ([@R12]). Recently, type IV collagen (COLIV) was reported as an activating ligand for GPR126 in peripheral nerves and inner ear development, and Laminin-211 was described as another previously unidentified GPR126 ligand during Schwann cell development ([@R13], [@R14]). The prion protein is another agonistic ligand for GPR126 in myelination ([@R15]). All the reported ligands can induce a GPR126-dependent adenosine 3′,5′-monophosphate (cAMP) response in cells and in animals, suggesting G protein--dependent signaling. Moreover, a peptide sequence (named the Stachel sequence) within the ectodomain of GPR126 can function as a tethered agonist to activate cAMP signaling ([@R16]). However, *Gpr126* deletion in the chondrocyte lineage caused idiopathic scoliosis without affecting intracellular cAMP signaling, because treating these mice with rolipram, a known cAMP-positive regulator, could not reduce the incidence or severity of idiopathic scoliosis ([@R8]), suggesting that GPR126 could use different signaling pathways in different tissues.

Here, we study whether and how GPR126 regulated body height (length), an association that has been established in humans. Our mouse model results indicated that knockout (KO) of *Gpr126* in osteoblasts, but not osteoclasts and chondrocytes, led to decreased body length and bone formation. Moreover, COLIV, but not Laminin-211, as an activating ligand of *Gpr126*, regulated osteoblast differentiation and function by stimulating cAMP signaling but not Wnt/β-catenin signaling. Furthermore, the osteoporosis drug PTH(1--34) \[parathyroid hormone (1--34) peptide\] could partially rescue the body length and bone mass phenotype induced by *Gpr126* deletion in osteoblasts in vivo.

RESULTS
=======

Deletion of *Gpr126* in osteoblasts caused a decrease in body length
--------------------------------------------------------------------

To examine whether GPR126 regulates body height (length), we used three conditional mouse models (fig. S1). We knocked out *Gpr126* in the osteoblast lineage (*Osx-Cre*;*Gpr126^fl/fl^*) ([Fig. 1A](#F1){ref-type="fig"} and fig. S2, A and D), osteoclast lineage (*Lysm-Cre*;*Gpr126^fl/fl^*) (figs. S2, B and E, and S3A), or chondrocyte lineage (*Col2-Cre*;*Gpr126^fl/fl^*) (figs. S2, C and F, and S3A). The results showed that only osteoblast-specific *Gpr126* KO significantly decreased body length at embryonic (E) day 14.5 (E14.5), E16.5, and E18.5 and at postnatal (P) day P10 and P30 when compared with control littermates ([Fig. 1A](#F1){ref-type="fig"} and fig. S2D). Together, only loss of *Gpr126* in the osteoblast lineage, but not the osteoclast or chondrocyte lineages, resulted in a decrease in body length.

![Body length was decreased and embryonic bone formation was delayed in Osx-Cre;*Gpr126*^fl/fl^ mice.\
(**A**) Images of body size at embryonic (E) day 14.5 (E14.5), E16.5, and E18.5 and postnatal (P) day 30 (P30) of *Osx-Cre;Gpr126*^fl/fl^ mice and control (Ctrl) littermates. Scale bars, 5 mm. (**B**) Whole skeletal preparation of *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates at E14.5, E16.5, and E18.5. Black arrows indicate the delayed Alizarin red staining (of bone) in the skull, ribs, and phalanges in *Osx-Cre;Gpr126*^fl/fl^ embryos. Scale bars, 5 mm. (**C**) Body part skeletal preparation of *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates at E18.5. Black arrows indicate the delayed Alizarin red staining (of bone) in the skull (top), sternum (middle), and phalanges (bottom) in *Osx-Cre;Gpr126*^fl/fl^ embryos. Scale bars, 2 mm. (**D**) In situ hybridization analysis for expression of osteoblast differentiation markers *collagen type I, alpha 1* (*Col1a1*) (top) and *osteocalcin* (*Ocn*) (bottom) in *Osx-Cre;Gpr126*^fl/fl^ and Ctrl littermate femurs at E14.5, E15.5, and E16.5. Red arrows indicate that the signal intensity was decreased in *Osx-Cre;Gpr126*^*fl*/fl^ embryos. Scale bars, 200 μm. (**E**) Relative positive area of *Col1a1* and *Ocn* in *Osx-Cre;Gpr126*^fl/fl^ and control littermate femurs at E14.5, E15.5, and E16.5 from in situ hybridization assay. \*\**P* \< 0.01. *n* = 2 per group per time point. (**F**) Von Kossa staining analysis for bone mineralization in E14.5 (left), E16.5 (middle), and E18.5 (right) embryonic femurs of *Osx-Cre;Gpr126*^fl/fl^ and Ctrl littermates. Red arrows indicate that there was no signal at E14.5 in *Osx-Cre;Gpr126*^fl/fl^ embryos. Scale bars, 100 μm (at E14.5, left), 50 μm (at E14.5, right), and 1 mm (at E16.5 and E18.5). Photo credit: Peng Sun, East China Normal University.](aaz0368-F1){#F1}

Osteoblast-specific *Gpr126* deletion delayed embryonic bone formation by regulating osteoblast differentiation in vivo
-----------------------------------------------------------------------------------------------------------------------

To investigate how *Gpr126* affects body length, we first examined bone development in embryonic mice. We analyzed skeletal preparations stained with Alizarin red for mineralized tissue and Alcian blue for cartilage at E14.5, E16.5, and E18.5. Deletion of *Gpr126* in osteoclasts (*Lysm-Cre*;*Gpr126^fl/fl^*) or chondrocytes (*Col2-Cre*;*Gpr126^fl/fl^*) had little effect on bone development (fig. S3B). However, deletion of *Gpr126* in osteoblasts (*Osx-Cre*;*Gpr126^fl/fl^*) notably reduced the area of mineralized tissues. At E14.5, control littermate mice already exhibited bone formation in the skull and ribs, whereas there was little bone formation in *Osx-Cre;Gpr126*^fl/fl^ embryos ([Fig. 1B](#F1){ref-type="fig"}, black arrowheads). A remarkable delay in bone formation was also observed in the skull, tailbone, sternum, and phalanges at E16.5 and E18.5 in *Osx-Cre;Gpr126*^fl/fl^ mice ([Fig. 1, B and C](#F1){ref-type="fig"}, black arrowheads).

Because bone formation is related to osteoblast differentiation and calcification, we next examined osteoblast differentiation marker gene expression and calcification status by in situ hybridization and von Kossa staining, respectively. *Col1a1*, a marker gene for early differentiation of bone mesenchymal stem cells (BMSCs) to osteoblasts, and osteocalcin (*Ocn*), a marker gene for late stages of osteoblast differentiation, were reduced in the femurs of E14.5, E15.5, and E16.5 *Osx-Cre;Gpr126*^fl/fl^ mice ([Fig. 1, D and E](#F1){ref-type="fig"}). Specially, at E14.5, *Col1a1* and *Ocn* began to be expressed in the femur bone collars of control mice; however, there was barely any expression signal in *Osx-Cre;Gpr126*^fl/fl^ mice ([Fig. 1D](#F1){ref-type="fig"}, black signal, red arrowheads). Therefore, deletion of *Gpr126* in the osteoblast lineage delayed osteoblast differentiation in embryonic bone development.

To examine whether *Gpr126* affects bone formation, we compared the calcification status of control littermates and conditional KO (CKO) mice at E14.5, E16.5, and E18.5. We found that, compared with control littermates, the calcification profile of the femur bone collar was similar in both *Lysm-Cre;Gpr126*^fl/fl^ and *Col2-Cre;Gpr126*^fl/fl^ mice at E14.5, E16.5, and E18.5 (fig. S3C). Calcification began at E14.5 in control littermate mice but was not seen in *Osx-Cre;Gpr126*^fl/fl^ littermates ([Fig. 1F](#F1){ref-type="fig"}, black signal, red arrowheads). Moreover, the mineralization signal was remarkably decreased in the *Osx-Cre;Gpr126*^fl/fl^ embryonic femur compared with control littermates at E16.5 and E18.5 ([Fig. 1F](#F1){ref-type="fig"}).

To determine whether *Osx-Cre;Gpr126*^fl/fl^ specifically affected the osteoblast lineage, we examined osteoclast, chondrocyte, and hypertrophic chondrocyte development and activity in vivo and in vitro by histomorphology and cell culture analysis. Our data showed that deletion of *Gpr126* in osteoblast lineage cells (*Osx-Cre*) had little effect on osteoclastogenesis (fig. S4, A and B) and osteoclast activity (fig. S4, C and D) between *Osx-Cre;Gpr126*^fl/fl^ mice and littermate controls. Similarly, there was no notable difference in chondrocytogenesis (fig. S5, A and B) and hypertrophic chondrocyte marker expression (fig. S5, C and D) between *Osx-Cre;Gpr126*^fl/fl^ mice and littermate controls. Together, all of the results indicate that only osteoblast differentiation and mineralization were delayed in *Osx-Cre;Gpr126*^fl/fl^ mice but not in osteoclast or chondrocyte deletion mice.

*Gpr126* regulates bone mass by modulating bone formation and mineralization postnatally
----------------------------------------------------------------------------------------

It has been previously reported that conditional loss of *Gpr126* in chondrocyte lineages results in mouse scoliosis and PE at P120 ([@R8]). X-ray analysis showed that scoliosis and PE were not present in *Osx-Cre;Gpr126*^fl/fl^ mice at P120; however, the vertebral column was shorter ([Fig. 2A](#F2){ref-type="fig"}, yellow line) and bone density decreased markedly ([Fig. 2A](#F2){ref-type="fig"}, yellow arrowheads) in *Osx-Cre;Gpr126*^fl/fl^ mice compared with control littermates. To elucidate the role of *Gpr126* in regulating bone mass, we analyzed the bone characteristics of mice with *Gpr126* deficiency in the osteoblast lineage using microcomputed tomography (μCT). There was a notable decrease of bone mineral density (BMD) and trabecular bone volume in the *Osx-Cre;Gpr126*^fl/fl^ mouse femur compared with control littermates, as a consequence of decreased numbers of trabeculae and a reduction in trabecular thickness, while trabecular spacing was increased ([Fig. 2, B and C](#F2){ref-type="fig"}). Next, we investigated whether *Gpr126* regulates the mechanical properties of bone. Our results showed that the bone strength (as assessed by maximum load in humerus bones using the three-point bending test) of *Osx-Cre;Gpr126*^fl/fl^ mice was remarkably reduced compared to control littermates ([Fig. 2D](#F2){ref-type="fig"}).

![Postnatal bone mass and bone strength were decreased in Osx-Cre;*Gpr126*^fl/fl^ mice.\
(**A**) Representative images of dorsal (top) and lateral (bottom) x-rays of 4-month-old mice (*n* = 3). Yellow lines indicate that the vertebral column was shorter in *Osx-Cre;Gpr126*^fl/fl^ mice; yellow arrows indicate the decreased bone density in *Osx-Cre;Gpr126*^fl/fl^ mice. Scale bars, 2 cm. (**B**) Representative μCT images of femurs from 1-month-old mice show the proximal femur (top; scale bars, 500 μm) and trabecular bone of the femur metaphysis (bottom; scale bars, 200 μm). (**C**) Quantitative μCT analysis of trabecular bone parameters of femurs from 1-month-old mice. BMD, bone mineral density; BV/TV, bone-volume/tissue-volume ratio; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. *n* = 5. (**D**) Maximal loading (Max load) of humeral diaphysis from 1-month-old mice by three-point bending assay. *n* = 5. (**E**) Representative image of von Kossa staining of lumbar sections of 6-week-old mice (top) and trabecular bone parameters (bottom). Scale bars, 500 μm. *n* = 7. (**F**) Bone formation rate was decreased in *Osx-Cre;Gpr126*^fl/fl^ mice. Representative images of calcein double labeling of the spinal trabecular bone of 6-week-old mice (top). Bone formation parameters from spinal sections of 6-week-old mice (bottom). BFR/BS, bone formation rate per bone surface; MAR, mineral apposition rate. Scale bars, 10 μm. \**P* \< 0.05, \*\**P* \< 0.01. *n* = 7. (**G**) Osteoid formation was suppressed in *Osx-Cre;Gpr126*^fl/fl^ mice. Representative images of Goldner's staining of 6-week-old mouse spinal trabecular bone. Spinal bone histomorphometric parameters. Ob.S/BS, osteoblast surface per bone surface; OS/BS, osteoid per bone surface; O.Th, osteoid thickness. Scale bars, 50 μm. \**P* \< 0.05. *n* = 7.](aaz0368-F2){#F2}

To examine whether *Gpr126* affects the mineralization of vertebral bone, we performed nondecalcified histomorphometric analysis of the vertebral body of *Osx-Cre;Gpr126*^fl/fl^ mice and control littermates at P40. We observed that there was a sharp decrease in trabecular bone volume in the *Osx-Cre;Gpr126*^fl/fl^ mice compared with control littermates as a consequence of decreased numbers of trabeculae, reduced trabecular thickness, and an increase in trabecular spacing ([Fig. 2E](#F2){ref-type="fig"}). To determine whether the lower bone mass phenotype of the *Osx-Cre;Gpr126*^fl/fl^ mice was due to a decrease in bone formation and/or a decrease in osteogenesis, we next performed bone formation rate and osteoid analyses in the vertebral body. The bone formation rate was markedly reduced in *Osx-Cre;Gpr126*^fl/fl^ mice by the calcein double labeling assay ([Fig. 2F](#F2){ref-type="fig"}), and osteoid formation including osteoid volume, osteoid surface, and osteoid thickness significantly decreased, as assessed by Goldner's staining ([Fig. 2G](#F2){ref-type="fig"}). All of the results indicate that *Gpr126* regulates bone mass by modulating bone formation and osteoblast mineralization.

*Gpr126* deficiency inhibited osteoblast proliferation, differentiation, and mineralization
-------------------------------------------------------------------------------------------

To examine whether *Gpr126* affects BMSC differentiation to osteoblasts, we isolated BMSCs and analyzed osteoblast proliferation, differentiation, and mineralization. Our data showed that *Gpr126* deficiency significantly affected the formation of CFU-F (fibroblast colony-forming unit) and CFU-Ob (osteoblast colony-forming unit) colonies ([Fig. 3, A and B](#F3){ref-type="fig"}). Similarly, *Gpr126* deletion markedly suppressed osteoblast differentiation and mineralization \[measured by alkaline phosphatase (ALP) staining for the differentiation assay, as well as von Kossa staining and Alizarin red staining for the mineralization assay; [Fig. 3C](#F3){ref-type="fig"}\]. Furthermore, two osteoblast differentiation markers, ALP enzyme activity and *Ocn* expression, were decreased in *Gpr126* deletion cells ([Fig. 3D](#F3){ref-type="fig"}). Therefore, *Gpr126* deletion impairs BMSC differentiation to osteoblasts.

![*Gpr126* regulates osteoblast proliferationdifferentiation, and mineralization.\
(**A** and **B**) Bone marrow stromal cell (BMSC) proliferation and differentiation were inhibited in *Gpr126*-deficient osteoblasts as determined by colony-forming unit (CFU) assay. BMSCs from 1-month-old *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates were cultured for 14 days and then subjected to crystal violet staining (CFU-F, left) or Alizarin red staining (CFU-Ob, right). Representative images are shown (A). The number (*n*) of colonies per well for CFU-F and CFU-Ob was counted (B). Scale bars, 10 mm. \**P* \< 0.05. *n* = 3. (**C**) BMSC differentiation and mineralization were suppressed in *Gpr126* deletion osteoblasts. BMSCs were isolated from 1-month-old *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates and subjected to ALP staining (7 day), von Kossa staining (14th day), and Alizarin red staining (21st day) assays. Scale bars, 5 mm. (**D**) *Gpr126* KO inhibited ALP enzyme activity (*n* = 5) and *Ocn* relative mRNA expression (*n* = 2) in osteoblasts. BMSCs were isolated from 1-month-old *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates and differentiated into osteoblasts. The cells were harvested at days 7 and 14 of differentiation for ALP enzyme activity assay and *Ocn* mRNA quantitation by real-time PCR, respectively. \**P* \< 0.05, \*\*\**P* \< 0.001. *n* = 5.](aaz0368-F3){#F3}

Deletion of *Gpr126* suppressed osteoblast differentiation and mineralization by regulating the cAMP-CREB signaling pathway
---------------------------------------------------------------------------------------------------------------------------

*Gpr126* is essential for peripheral myelination in Schwann cells ([@R17]), angiogenesis by regulating endothelial cell ([@R18]), and semicircular canal duct development in the zebrafish inner ear ([@R11]), all through the cAMP signaling pathway ([@R19]). It is established that, in osteoblastic cells, activation of the cAMP pathway ultimately promotes phosphorylation of the downstream effector cAMP response element--binding protein (CREB) to enhance osteogenic differentiation and mineralization of BMSCs; hence, cAMP-CREB signaling is one of the key pathways to regulate BMSC differentiation into osteoblasts ([@R20]). To examine whether *Gpr126* regulates osteoblast differentiation and function by the cAMP signaling pathway in osteoblast cells, we measured cAMP concentrations after 14 days of differentiation from BMSCs to osteoblasts. Intracellular cAMP levels were significantly decreased in osteoblast cells from *Osx-Cre*;*Gpr126*^fl/fl^ mice ([Fig. 4A](#F4){ref-type="fig"}). Furthermore, phosphorylation of CREB was significantly decreased in *Osx-Cre;Gpr126*^fl/fl^ mice ([Fig. 4B](#F4){ref-type="fig"}).

![*Gpr126* regulates osteoblast differentiation and function through the cAMP-CREB signaling pathway.\
(**A**) Intracellular cAMP level was decreased in *Gpr126* deletion osteoblasts. BMSCs were isolated from 1-month-old *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates and differentiated into osteoblasts. The cells were harvested and subjected to the cAMP enzyme-linked immunosorbent assay (ELISA) assay at day 7 of differentiation. \*\**P* \< 0.01. *n* = 3. (**B**) Western blot analysis of the p-CREB, CREB, and OCN levels in BMSCs from indicated mice after 14 days of osteoblast differentiation. (**C**) Intracellular cAMP level was restored in *Gpr126* deletion osteoblasts when treated with FSK. BMSCs were isolated from 1-month-old *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates and differentiated into osteoblasts. The cells were treated with 10 μM FSK or vehicle control for 14 days, harvested, and subjected to the cAMP ELISA assay at day 14 of differentiation. \*\**P* \< 0.01, \*\*\**P* \< 0.001. *n* = 3. (**D**) ALP enzyme activity (*N* = 5), ALP mRNA expression (*n* = 2), and OCN mRNA expression (*n* = 2) were restored in *Gpr126* deletion osteoblasts treated with 1 μM FSK. The cells were harvested and subjected to ALP enzyme activity assay (at day 14) or real-time PCR assay (ALP at day 7 and OCN at day14). \*\**P* \< 0.01, \*\*\**P* \< 0.001. (**E**) Osteoblast differentiation and mineralization were rescued in *Gpr126* deletion osteoblasts when treated with FSK. BMSCs were isolated from 1-month-old *Osx-Cre;Gpr126*^fl/fl^ mice and control (Ctrl) littermates and differentiated into osteoblasts. ALP staining, von Kossa staining, and Alizarin red staining of BMSCs were performed after 7, 14, and 21 days of differentiation, respectively, while treated with or without 10 μM FSK. Scale bars, 5 mm. (**F**) ALP enzyme activity (*N* = 5), *Alp* mRNA expression (*n* = 2), and *Ocn* mRNA expression (*n* = 2) were restored in *Gpr126* deletion osteoblasts treated with PTH(1--34). The cells were harvested and subjected to ALP enzyme activity assay (at day 14) or real-time PCR assay (*Alp* at day 7 and *Ocn* at day14). \*\**P* \< 0.01, \*\*\**P* \< 0.001. (**G**) Osteoblast differentiation and mineralization were rescued in *Gpr126* deletion osteoblasts when treated with PTH(1--34). BMSCs were isolated from 1-month-old *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates and differentiated into osteoblast. ALP staining, von Kossa staining, and Alizarin red staining of BMSCs were performed after 7, 14, and 21 days of differentiation, respectively, while treated with or without PTH(1--34) (80 μg/kg). Scale bars, 5 mm.](aaz0368-F4){#F4}

To further confirm whether *Gpr126* regulates osteoblast differentiation and mineralization by modulation of the cAMP-CREB signaling pathway, we used forskolin (FSK), an activator of adenylyl cyclase, and PTH(1--34), an osteoporosis drug, both of which can induce bone formation and mineralization by promoting cAMP-CREB signaling ([@R21]). Our results showed that the intracellular cAMP levels were decreased in *Osx-Cre*;*Gpr126*^fl/fl^ mouse osteoblasts, while FSK substantially increased the intracellular cAMP levels in *Osx-Cre*;*Gpr126*^fl/fl^ mouse osteoblast cells ([Fig. 4C](#F4){ref-type="fig"}). As a result, ALP mRNA expression, enzyme activity, *Ocn* mRNA expression level ([Fig. 4D](#F4){ref-type="fig"}), osteoblast differentiation, and mineralization ([Fig. 4E](#F4){ref-type="fig"}) were rescued in *Gpr126* deletion cells upon FSK treatment. Similar results were obtained upon treatment with PTH(1--34) ([Fig. 4, F and G](#F4){ref-type="fig"}). Therefore, *Gpr126* signals, at least in part, through cAMP/CREB to regulate osteoblast differentiation and function.

COLIV regulates osteoblast differentiation and function as an activating ligand of *Gpr126* by stimulating cAMP signaling but not Wnt/β-catenin signaling
---------------------------------------------------------------------------------------------------------------------------------------------------------

It has been previously reported that COLIV, a major structural component of the basement membrane, specifically binds to the extracellular N-terminal region of *Gpr126* to stimulate the production of cAMP in some organs including bone ([@R13]). Our data showed that COLIV was expressed in both osteoblast and chondrocyte cells (fig. S6). To investigate whether COLIV acts as an activating ligand for *Gpr126* and stimulates cAMP production in osteoblasts, we examined the intracellular cAMP levels in osteoblast cells from both *Osx-Cre;Gpr126*^fl/fl^ mouse and control littermates after stimulating with COLIV. Our results showed that COLIV culture elevated intracellular cAMP concentrations in control osteoblast cells ([Fig. 5A](#F5){ref-type="fig"}), whereas it had little effect on intracellular cAMP levels in *Osx-Cre*;*Gpr126*^fl/fl^ osteoblasts. To further confirm COLIV as an activating ligand in osteoblasts, we examined ALP enzyme activity and *Ocn* mRNA expression, and osteoblast differentiation and mineralization in both *Osx-Cre*;*Gpr126*^fl/fl^ mouse and control littermate osteoblast cells stimulated with COLIV. Our results showed that COLIV promoted ALP enzyme activity and *Ocn* mRNA expression ([Fig. 5B](#F5){ref-type="fig"}), and osteoblast differentiation and mineralization ([Fig. 5C](#F5){ref-type="fig"}) in control osteoblast cells. However, COLIV had little effect on *Gpr126* deletion osteoblasts.

![COLIV is an activating ligand of *Gpr126* to regulate osteoblast differentiation and mineralization.\
(**A**) COLIV stimulated cAMP production in Ctrl osteoblast but not in *Gpr126* deletion osteoblasts. COLIV (1 μM) was coated on 24-well plates, and then the BMSCs were seeded for differentiation. After 14 days, the cells were harvested and subjected to cAMP ELISA assay. \*\**P* \< 0.01, \*\*\**P* \< 0.001. ns, no significant difference. *n* = 3. (**B**) COLIV-induced ALP enzyme activity (*n* = 3) and OCN mRNA expression (*n* = 2) in Ctrl osteoblasts but not in *Gpr126* deletion osteoblasts. ns, not significant; \**P* \< 0.05; \*\*\**P* \< 0.001. (**C**) COLIV-stimulated osteoblast differentiation and mineralization in *Osx-Cre* Ctrl (Ctrl) osteoblasts but not in *Gpr126* deletion osteoblasts. ALP staining, von Kossa staining, and Alizarin red staining of BMSCs were performed after 7, 14, and 21 days of differentiation, respectively, while treated with or without COLIV. Scale bars, 5 mm.](aaz0368-F5){#F5}

Laminin-211 can activate *Gpr126* when it is applied under conditions of mechanical force (i.e., vibration); under static conditions, Laminin-211 dose-dependently decreased Schwann cell cAMP levels in a *Gpr126*-dependent manner ([@R14]). Our data showed that, unlike COLIV, Laminin-211 was expressed only in osteoblast cells (fig. S6) and could not activate *Gpr126* to regulate osteoblast differentiation and function under static conditions (fig. S7, A to C). Wnt/β-catenin signaling is a key signaling pathway to regulate osteoblast differentiation and function. However, our data showed that the selective Wnt/β-catenin inhibitor KYA1797K has little effect on COLIV-induced osteoblast differentiation and mineralization (fig. S8A). Furthermore, there was no notable difference in Wnt/β-catenin downstream target gene expression when we knocked out *Gpr126* in osteoblast cells (fig. S8B). Together, all of our results indicated that COLIV, but not Laminin-211, is an activating ligand of *Gpr126* that regulates osteoblast differentiation and maturation by stimulating cAMP signaling, but not Wnt/β-catenin signaling.

PTH(1--34), but not FSK, rescued the body length and bone mass phenotype induced by osteoblast-specific *Gpr126* deletion in vivo
---------------------------------------------------------------------------------------------------------------------------------

To further confirm whether FSK or PTH(1--34) could rescue the body length or bone mass phenotype induced by *Gpr126* deficiency in osteoblasts, we intraperitoneally injected *Osx-Cre*;*Gpr126*^fl/fl^ mice and control littermates daily with FSK (200 μg/kg) or PTH (80 μg/kg) from P5 to P30. The results showed that the body length and femur bone length were restored in *Osx-Cre*;*Gpr126*^fl/fl^ mice treated with PTH(1--34) ([Fig. 6, A to D](#F6){ref-type="fig"}). Furthermore, three-dimensional reconstruction of the femur using μCT showed that PTH(1--34) rescued trabecular BMD, trabecular bone volume, the number of trabeculae, and trabecular thickness in *Osx-Cre*;*Gpr126*^fl/fl^ mice ([Fig. 6, E and F](#F6){ref-type="fig"}). As a consequence, the maximum load of the tibia bones was rescued in *Osx-Cre*;*Gpr126*^fl/fl^ mice when treated with PTH(1--34) ([Fig. 6G](#F6){ref-type="fig"}). However, the other cAMP activator, FSK, had little effect on the body length, femur bone length, and bone mass in *Osx-Cre*;*Gpr126*^fl/fl^ mice (fig. S9, A to G). We speculated that this may be due to effects of FSK on other cell types in vivo, which may counteract the direct effects of FSK on osteoblasts. For instance, interleukin-6 (IL-6), expressed in chondrocytes, was reported to negatively regulate osteoblast differentiation ([@R22]) and positively promote osteoclast differentiation and formation ([@R23]). Our data showed that *Il-6* was strongly expressed in mice chondrocytes (fig. S10A). Furthermore, we found that both mRNA and protein expression of IL-6 in chondrocytes was increased when treated by FSK (fig. S10, B and C). Therefore, our data indicated that PTH, but not FSK, could rescue the body length and bone mass phenotype of *Gpr126* loss in the osteoblast lineage not only in vitro but also in vivo.

![The reduction of body length, bone mass, and bone strength in *Osx-Cre;Gpr126*^fl/fl^ mice was partly rescued by PTH treatment.\
*Osx-Cre;Gpr126*^fl/fl^ (CKO) mice and Ctrl littermates (*n* = 6 mice per group) were injected daily with PBS or PTH(1--34) (80 μg/kg) from P5 to P30. The mice were then sacrificed for body length, bone length, bone mass, and bone strength analysis. (**A** and **B**) Representative images of *Osx-Cre;Gpr126*^fl/fl^ (CKO) mice and Ctrl littermates treated with PBS or PTH(1--34) (80 μg/kg) (A). The body length was measured (B). Scale bars, 2 cm. \**P* \< 0.05; \*\**P* \< 0.01. *n* = 6. (**C** and **D**) Representative femur bone images of *Osx-Cre;Gpr126*^fl/fl^ (CKO) mice and Ctrl littermates treated with or without PTH(1--34) (80 μg/kg) (C). The femur bone length was measured (D). Scale bars, 2 cm. \**P* \< 0.05. *n* = 6. (**E** and **F**) Bone mass was restored in *Osx-Cre;Gpr126*^fl/fl^ mice when treated with PTH. Representative μCT images of femurs from 1-month-old *Osx-Cre;Gpr126*^fl/fl^ mice and Ctrl littermates treated with PTH(1--34). The proximal femur (top) and trabecular bone of the femur metaphysis (bottom) are presented (E). Quantitative μCT analysis of femoral trabecular bone parameters (F). Scale bars, 500 μm (E, top) and 200 μm (E, bottom). \**P* \< 0.05; \*\**P* \< 0.01. *n* = 6. (**G**) Maximal loading of humeral diaphysis from 1-month-old mice by three-point bending assay. \**P* \< 0.05; \*\**P* \< 0.01. *n* = 6. Photo credit: Liang He, East China Normal University.](aaz0368-F6){#F6}

DISCUSSION
==========

Previous genome-wide association studies have found that variations at the *GPR126* locus were strongly associated with shortened human body height ([@R4]). However, the mechanism has not been conclusively determined. Here, we have identified that *Gpr126* in the osteoblast lineage, but not in osteoclasts and chondrocytes, is a critical regulator of mouse body length and bone mass. Osteoblast lineage--specific *Gpr126* deletion resulted in impaired mouse embryonic bone formation and reduced postnatal bone mass by regulating osteoblast differentiation and ossification. The effects of *Gpr126* on osteoblast differentiation and bone formation could be mediated primarily through elevation of intracellular cAMP levels to induce phosphorylation of CREB, accompanied by increasing activity and expression of the osteoblast differentiation marker gene ALP as well as *Ocn* expression. Moreover, we found that COLIV was an activating ligand of *Gpr126*, resulting in osteoblast differentiation and mineralization. Furthermore, the reduction of body length and bone mass caused by loss of *Gpr126* in osteoblasts could be partially restored by PTH treatment in vivo. All our data demonstrated that *Gpr126* regulated body height by modulating osteoblast differentiation and ossification.

In our study, we found that the body length shortening phenotype was only observed in the osteoblast lineage conditional *Gpr126* deletion mice, but not in osteoclast- or chondrocyte-specific deletion mice. Furthermore, the body length shortening began during embryonic development. The data suggested that *Gpr126* regulated body length by affecting osteoblast development. Both osteoblasts and chondrocytes play an important role during embryonic skeletal development, in which most of the bone formation occurs by endochondral ossification ([@R24]). Previous research reported that the idiopathic scoliosis and PE induced by cartilage-specific *Gpr126* deletion in mice was not through the classical cAMP pathway but by up-regulating the expression of *Gal3st4*, the gene encoding galactose-3-O-sulfotransferase ([@R8]). Our study showed that idiopathic scoliosis and PE did not occur in osteoblast CKO mice. Moreover, *Gpr126* regulated bone formation through the classical cAMP-CREB signaling pathway in osteoblast lineage cells. Together, all the results suggest that *Gpr126* activates different signaling pathways in specific cell types.

Both COLIV and Laminin-211 have been reported as activating ligands for GPR126 ([@R13], [@R14]). COLIV, a major constituent of the basement membrane, specifically binds to the extracellular N-terminal region of *Gpr126* containing the CUB and pentraxin domains and activates *Gpr126* signaling, stimulating the production of cAMP in rodent Schwann cells ([@R13]). The laminins are a family of large heterotrimeric multidomain proteins that consist of three chains, α, β, and γ, which exist in five, four, and three genetically distinct forms, respectively. There are at least 16 different isoforms of laminin expressed in multiple tissues and organs. Laminins have multiple, often cell type--specific functions ([@R25]). Previous studies reported that laminin isoforms are involved in bone regulation. For instance, Laminin-322 negatively regulates osteoclastogenesis in the bone microenvironment ([@R26]), whereas Laminin-521 promotes rat BMSC sheet formation ([@R27]). Furthermore, laminin subunits, such as LAMB2, play a crucial role in bone development during growth ([@R28]), and LAMA1, LAMA2, and LAMA5 can regulate the osteogenic differentiation of dental follicle cells ([@R29]). Laminin-211 is a heterotrimeric protein composed of α2, β1, and γ1 chains, encoded by the *Lama2*, *Lamb1*, and *Lamc1* genes, respectively. It has been reported in zebrafish that Laminin-211 is a previously unidentified ligand for GPR126 to regulate terminal differentiation and myelination by ensuring appropriate levels of cAMP for a given stage of Schwann cell development ([@R14]). Therefore, it is reasonable to speculate that different laminin isoforms or subunits may have varying functions in different cell types. We found that stimulation of osteoblasts with COLIV promoted osteoblast differentiation and function and increased the cAMP level, while it had little effect in *Gpr126* KO osteoblasts. However, Laminin-211 had no notable effect on osteoblast differentiation and the intracellular cAMP level in both *Gpr126* KO and control osteoblasts. Our results raise the possibility of *Gpr126* regulation by different agonists in a cell type--specific manner.

Our results demonstrated that two cAMP agonists, FSK and PTH(1--34), could rescue the reduction of osteoblast differentiation and mineralization induced by *Gpr126* deletion in vitro. However, only PTH(1--34), but not FSK, rescued the body length and bone mass phenotype of osteoblast-specific *Gpr126* deletion mice in vivo. This difference could be explained by an effect of FSK on the microenvironment. The dietary supplement FSK, which is widely used for weight loss ([@R30]) and cardiovascular diseases ([@R31]), stimulates *Il-6* expression in chondrocytes ([@R32]), and IL-6 was reported to negatively regulate osteoblast differentiation ([@R22]) and positively promote osteoclast differentiation and formation ([@R23]). Furthermore, it has been previously reported that *Il-6* overexpression leads to body length shortening and bone mass decrease by reducing osteoblast differentiation and increasing osteoclast number and activity in vivo ([@R33]). Our data showed that both mRNA and protein expression of IL-6 in chondrocytes was increased in a dose-dependent manner with FSK stimulation, which confirmed our hypothesis. A similar mechanism could function through regulation of glucocorticoids. FSK stimulates glucocorticoid production in the adrenal cortex by increasing cAMP ([@R34]), and glucocorticoids could negatively regulate osteoblast proliferation and differentiation ([@R35]). A bone mass decrease was found in children after long-term glucocorticoid treatment ([@R36]). Therefore, FSK may have had only limited effects on the body length and bone mass phenotype in *Gpr126* deletion mice due to microenvironmental factors including IL-6 expression induced by FSK, offsetting the positive effect of FSK on osteoblasts in vivo. PTH(1--34) is a clinically used osteoporosis drug that functions by stimulating osteoblast proliferation ([@R37]), increasing osteoblast activity ([@R38]), and protecting osteoblasts from apoptosis ([@R39]) by directly binding to its receptor PTH1R ([@R40]). All our results suggested that it could be used to counteract the shortened human height caused by GPR126 mutation.

In summary, this study suggests that loss of *Gpr126* in osteoblasts could delay osteoblast differentiation and bone formation, resulting in shortened body length and bone mass decrease in mice. *Gpr126* signals through the cAMP-CREB signaling pathway in osteoblasts, with COLIV as a ligand activating *Gpr126* to positively regulate osteoblast differentiation and bone formation. Last, PTH(1--34) may be worth studying as a potential drug to treat the shortened human height or loss of bone mass caused by *Gpr126* mutation.

MATERIALS AND METHODS
=====================

Methods
-------

### Mouse generation and maintenance

All experiments using mice were approved by the East China Normal University (ECNU) Animal Care and Use Committee. *Gpr126*^fl/fl^ (strain C57/BL/6) was purchased from Shanghai Model Organisms. Osx-Cre, Col2-Cre, and Lysm-Cre mice (strain C57/BL/6) were purchased from the Center for Animal Research of ECNU. We used homologous recombination to develop a mouse model in which exon 2 of *Gpr126* was flanked by loxP sites (*Gpr126*^fl/fl^; fig. S1). The generation of *Gpr126*^fl/fl^ mice is described in fig. S1. *Osx-Cre*, *Lysm-Cre*, and *Col2-Cre* mice were mated with *Gpr126*^fl/fl^ mice to generate *Osx-Cre*;*Gpr126*^fl/fl^, *Lysm-Cre*;*Gpr126*^fl/fl^, and *Col2-Cre*;*Gpr126*^fl/fl^ mice, respectively. For genotyping these specific KO mice, polymerase chain reaction (PCR) primer sequences are 5′-TTTCCCGCAGAACCTGAAGA-3′ (forward) and 5′-GGTGCTAACCAGCGTTTTCGT-3′ (reverse) for *Osx-Cre*, 5′-AATCCATATTGGCAGAACGAAA-3′ (forward) and 5′-CTGACCAGAGTCATCCTTAGCG-3′ (reverse) for *Col2-Cre*, and 5′-CCCAGAAATGCCAGATTACG-3′ (forward) and 5′-CTTGGGCTGCCAGAATTTCTC-3′ (reverse) for *Lysm-Cre*. Both male and female mice were used in all experiments, and all the mice were randomly assigned to groups. All experiments were performed in accordance with protocols approved by the Ethics Committee at ECNU.

### Cell culture

For osteoblast differentiation analyses in vitro, we isolated BMSCs from 4-week-old mice femur and tibia bones. The growth culture medium was α-minimum essential medium (α-MEM; HyClone, SH30265.01) supplemented with 10% fetal bovine serum (FBS; Gibco, 10099-1633101) and 1% penicillin-streptomycin (HyClone, SH40003-12). The differentiation culture medium was α-MEM supplemented with 10% FBS, [l]{.smallcaps}-ascorbic acid (50 μg/ml; Sigma, A4034), 0.1 μM dexamethasone (Sigma, St. Louis, MO; D4902), 10 mM β-glycerophosphate (Sigma, G6376), and 1% penicillin-streptomycin (HyClone, SH40003-12), and the medium was refreshed every 2 days. BMSCs were seeded at 1 × 10^5^ cells per well in 24-well plates, and cell cultures were incubated in a humidified environment containing 5% CO~2~ at 37°C. For chondrocyte differentiation analyses in vitro, the BMSCs were isolated from 4-week-old mice, then seeded at 1 × 10^5^ cells per well in 24-well plates cultured with transforming growth factor--β3 (TGF-β3) (R&D Systems, Minneapolis, MN, USA) for 14 days, and then stained by Alcian blue (Sigma-Aldrich, St. Louis, MO, USA). For quantification, stained Alcian blue was eluted with 6 M guanidine hydrochloride for 8 hours. The optical absorbance was measured at 620 nm using a microplate reader. For osteoclast differentiation analyses, the bone marrow cells were isolated from 8-week-old mice. After 6 days of culture in M-CSF (macrophage colony-stimulating factor) (30 ng/ml) and RANKL (30 ng/ml; R&D Systems), the cells in the 96-well plate were fixed with 10% neutral buffered formaldehyde for 15 min and stained for tartrate-resistant acid phosphatase (TRAP) staining.

### ALP, Alizalin red S, and von Kossa staining

We plated BMSCs at a density of 1 × 10^5^ cells per well in 24-well plates and expanded them in growth medium for 3 days. We induced osteoblast differentiation by culturing in differentiation culture medium. At days 7, 14, and 21 after inducing osteoblast differentiation, cells were fixed with 4% paraformaldehyde for 15 min and 0.1% Triton X-100 for 10 min and then stained with ALP detection solution (Sigma, N5000; F3381), 2.5% silver nitrate solution (Energy Chemical, 7761-88-8), or 1% Alizarin red S (Sigma, A5533-25G) for ALP, Alizalin red S, and von Kossa staining, respectively, using standard protocols.

### ALP assay

After removing the medium, 24-well plates were washed with phosphate-buffered saline (PBS), and then 0.1% Triton X-100 buffer was added. Cells were frozen and thawed three times, and then incubated at 37°C for 30 min in substrate buffer (Sigma, N7653-100ML). The reaction was then terminated with 3 N NaOH. The optical density of the solution was determined at 405 nm. The ALP activity in each well was divided by the total protein in each well.

### CFU-F and CFU-Ob assays

Bone marrow cells harvested from femoral and tibial cavities of 4-week-old mice were cleared of red blood cells and plated at a density of 1 × 10^6^ cells per well in six-well plates. After 24 hours of adhesion, we removed unattached cells and changed the culture medium every 2 days. Colonies were cultured for 14 days in growth culture medium (for CFU-F) or differentiation culture medium (for CFU-Ob), then medium was removed, and each well was washed with PBS and then fixed with 4% paraformaldehyde. Cells were stained with 0.1% crystal violet (for CFU-F) or ALP (for CFU-Ob). Colonies that contained 50 or more cells were counted.

### Western blot analysis

The BMSCs were cultured 14 days in differentiation culture medium, harvested, and lysed using radioimmunoprecipitation assay (RIPA) lysis buffer containing a protease inhibitor cocktail (Roche) and phosphatase inhibitors (Roche) on ice. The insoluble material was pelleted by centrifugation (12,000 rpm, 10 min, 4°C), and the supernatants were collected and frozen at −80°C. Total protein concentration was measured using a bicinchoninic acid protein assay (Thermo Scientific). Equivalent amounts of cell lysates were separated on a 9% SDS--polyacrylamide gel electrophoresis gel and transferred to 0.22-μm polyvinylidene difluoride membranes (Whatman). The membranes were blocked with 5% bovine serum albumin and incubated with primary antibodies directed against CREB \[Cell Signaling Technology (CST), Danvers, MA; 9197\], p-CREB (CST 9198), OCN (Abcam, Cambridge, MA; ab93876), or β-actin (CST, 3700) overnight at 4°C, and then incubated with horseradish peroxidase (HRP)--conjugated secondary antibodies (LI-COR, 926-32211/926-32210). The protein bands were visualized with Immun-Star WesternC (LI-COR, USA).

### Real-time PCR

BMSCs were isolated from 4-week-old mice, and total RNA was extracted using TRIzol reagent (Takara, 9109) from cells cultured for 0, 7, or 14 days in differentiation culture medium. The RNA was reverse-transcribed into cDNA using HiScript II Q RT SuperMix (Vazyme, R222-01), and real-time PCR analysis was performed using a real-time PCR system (Thermo Fisher Scientific, Singapore) with Hieff qPCR SYBR Green Master Mix (Low Rox Plus) (YEASEN, 11202ES03). We used predesigned real-time PCR assays from Applied Biosystems for the analysis of ALP and OCN. The PCR primer sequences used were 5′-GTACGCCAACACAGTGCTG-3′ (forward) and 5′-CGTCATACTCCTGCTTGCTG-3′ (reverse) for β-actin, 5′-TCCTGACCAAAAACCTCAAAGG-3′ (forward) and 5′-TGCTTCATGCAGAGCCTGC-3′ (reverse) for ALP, 5′-CTCACAGATGCCAAGCCCA-3′ (forward) and 5′-CAAGGTAGCGCCGGAGTCT-3′ (reverse) for OCN, 5′-CCAAAGTTGGCAATGAAGT-3′ (forward) and 5′-GCTGGATCAGGTAGGAACCA-3′ (reverse) for *Gpr126*, 5′-CAAATCGGACCCACTGGTGA-3′ (forward) and 5′-CTTCCTGGATGGCCGATGTT-3′ (reverse) for *COLIV*, 5′-TGAGTATGAAAGCAAGGCCAGA-3′ (forward) and 5′-ACAAAACCAGGCTTGGGGAA-3′ (reverse) for *Laminin-211*, and 5′-CAAAGCCAGAGTCCTTCAGAG-3′ (forward) and 5′-GTCCTTAGCCACTCCTTCTG-3′ (reverse) for *Il-6*.

### Skeletal preparations

Embryos were eviscerated and placed in water at 4°C overnight. Bodies were immersed in a 67°C water bath for 1 min, skinned, and fixed in ethanol for 3 days. Alcian blue 8GX (150 mg; Sigma, A5268-10G) was added to a mixture of 80 ml of 95% ethanol and 20 ml of glacial acetic acid. Cartilage was stained for 8 to 12 hours, rinsed in 100% ethanol overnight, and cleared in 2% KOH for 6 hours. Alizarin red S (50 mg; Sigma) was added to 1 liter of 2% KOH, and the embryos were immersed for 3 hours to counterstain bone. Skeletons were cleared in 2% KOH and 20% glycerol and stored in 50% ethanol and 50% glycerol.

### μ*CT analysis*

Femurs from Osx-Cre;*Gpr126*^fl/fl^ and Ctrl littermate mice were scanned using x-ray microtomography (SKYSCAN 1272, Bruker microCT). The samples were scanned at a tube potential of 60.0 kV and 166.0 μA for 15 min and a resolution of 7-μm pixels. The region of interest was located from 7.280 mm (1040 image slices) to 7.980 mm (1140 image slices). Trabecular bone parameters of the femur were calculated using CTan software (Bruker microCT). Three-dimensional reconstruction images were produced with CTVOL (Bruker microCT). The bone range was reflected with CT analyzer manual, which ranged from more than 1000 CT number, and the CT numbers of air (1000 HU) and water (0 HU) were used to calibrate the image values in Hounsfield units. The mean value was determined by the CT number. The femur sample area selected for scanning was 0.7 mm below the growth plate.

### Three-point bending test

To measure the bone strength of the humerus, the small animal bone strength test instrument (YLS-16A, Corp., Yanyi Jinan, P.R. China) was used to perform the three-point bending test. Immediately after dissection, the fresh humerus was examined using the three-point bending test. Two end support points and one central loading point were used for the three-point bending test. The biomechanical measurement data were collected from the load-deformation curves. The maximum load (N) was recorded.

### Histology and in situ hybridization

Histomorphometry was performed on plastic-embedded tissues using standard protocols. Calcein double labeling was performed by injecting mice with calcein (30 mg/kg) on P30 and P40. Mice were sacrificed on P47, and bones were fixed in 10% buffered formalin and embedded in methyl methacrylate. Bone dynamic histomorphometric analyses for BFR/BS (bone formation rate per bone surface) and MAR (mineral apposition rate) as well as bone static histomorphometric analyses for Ob.S/BS (osteoblast surface per bone surface), OS/BS (osteoid per bone surface), and O.Th (osteoid thickness) were made using the OsteoMeasure Histomorphometry System (OsteoMetrics, Decatur, GA, USA). The bone histomorphometric parameters were calculated and expressed according to the standardized nomenclature for bone histomorphometry. Digoxigenin (DIG)--labeled antisense and sense probes were produced using the DIG Nucleic Acid Detection Kit (Roche) according to the manufacturer's directions. To examine osteoclast parameters in vivo, the femurs from 8-week-old mice were fixed in 4% paraformaldehyde overnight at 4°C and decalcified in 9% EDTA (pH 7.4) for 7 days before embedding in paraffin and then staining for TRAP. Osteoclast surface/bone surface (Oc.S/BS), the number of osteoclasts/bone perimeter (N.Oc/B.Pm), and the eroded surface/bone surface (ES/BS) were analyzed with the OsteoMeasure Analysis System (OsteoMetrics, Decatur, GA, USA).

### Immunofluorescence

The femur tissue sections from E18.5 mice were incubated with Anti-Collagen X antibody (Abcam, ab58632) overnight followed by secondary antibodies (Sigma, T8072) for 90 min. Images were captured on a microscope (Olympus, BX53F).

Statistical analysis
--------------------

Data are represented as mean ± SD for absolute values, as indicated in the vertical axis legend of the figures. The statistical significance of differential findings between CKO and Ctrl mice was calculated by SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) using the unpaired two-tailed Student's *t* test, and one-way analysis of variance (ANOVA) was used to examine the effects of treatment with FSK, PTH, COLIV, and Laminin-211. Significance was *P* \< 0.05.
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Fig. S1. Strategy of targeting the *Gpr126*^flox^ allele.

Fig. S2. The expression of *Gpr126* in different bone cells and genotyping.

Fig. S3. Body length and embryonic bone formation in *Lysm-Cre;Gpr126^fl/fl^* and *Col2-Cre;Gpr126^fl/fl^* was not different compared to their control littermates.

Fig. S4. Deletion of *Gpr126* in osteoblast lineage (Osx-Cre) had little effect on osteoclastogenesis and osteoclast activity in vivo and in vitro.

Fig. S5. Deletion of *Gpr126* in osteoblast lineage (Osx-Cre) had little effect on chondrocyte differentiation and hypertrophy.

Fig. S6. The expression of COLIV and Laminin-211 in osteoblast, osteoclast, and chondrocyte cells.

Fig. S7. *Laminin-211* was not an activating ligand of *Gpr126* to regulate osteoblast differentiation and mineralization under static conditions.

Fig. S8. The selective Wnt/β-catenin inhibitor KYA1797K had little effect on COLIV-induced osteoblast differentiation and mineralization.

Fig. S9. Administration of FSK had little effect on the body length, femur bone length, bone mass, and bone strength of *Osx-Cre;Gpr126^fl/fl^* mice.

Fig. S10. The expression of IL-6 was increased in chondrocytes treated by FSK.
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